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Abstract

BACKGROUND

Heart transplantation is a crucial intervention for severe heart failure, yet the
challenge of organ rejection is significant. Bone marrow mesenchymal stem cells
(BMSCs) and their exosomes have demonstrated potential in modulating T cells,
dendtitic cells (DCs), and cytokines to achieve immunomodulatory effects. DCs,
as key antigen-presenting cells, play a critical role in shaping immune responses
by influencing T-cell activation and cytokine production. Through this modula-
tion, BMSCs and their exosomes enhance graft tolerance and prolonging survival.

AIM

To explore the immunomodulatory effects of exosomes derived from BMSCs
overexpressing microRNA-540-3p (miR-540-3p) on cardiac allograft tolerance,
focusing on how these exosomes modulating DCs and T cells activity through the
CD74/nuclear factor-kappaB (NF-«B) pathway.

METHODS
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Rat models were used to assess the impact of miR-540-3p-enhanced exosomes on immune tolerance in cardiac
allografts. MiR-540-3p expression was manipulated in BMSCs, and derived exosomes were collected and
administered to the rat models post-heart transplantation. The study monitored expression levels of major
histocompatibility complex II, CD80, CD86, and CD274 in DCs, and quantified CD4* and CD8* T cells, T regulatory
cells, and cytokine profiles.

RESULTS

Exosomes from miR-540-3p-overexpressing BMSCs lead to reduced expression of immune activation markers
CD74 and NF-xB p65 in DCs and T cells. Rats treated with these exosomes showed decreased inflammation and
improved cardiac function, indicated by lower levels of pro-inflammatory cytokines (interleukin-1p, interferon-vy)
and higher levels of anti-inflammatory cytokines (interleukin-10, transforming growth factor 1). Additionally,
miR-540-3p skewed the profiles of DCs and T cells towards immune tolerance, increasing the ratio of T regulatory
cells and shifting cytokine secretion to favor graft acceptance.

CONCLUSION

Exosomes derived from BMSCs overexpressing miR-540-3p significantly enhance immune tolerance and prolong
cardiac allograft survival by modulating the CD74/NF-xB pathway, which regulates activities of DCs and T cells.
These findings highlight a promising therapeutic strategy to improve heart transplantation outcomes and
potentially reduce the need for prolonged immunosuppression.
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Core Tip: This study explores the innovative use of exosomes from bone marrow mesenchymal stem cells overexpressing
microRNA-540-3p to promote immune tolerance in heart transplantation. Demonstrating a significant modulation of the
CD74/nuclear factor-kappaB pathway, these exosomes enhance graft survival and function by altering dendritic and T cell
responses. Our findings suggest a promising therapeutic strategy that reduces the need for prolonged immunosuppression,
offering a substantial advancement in transplant medicine. This approach underscores the potential of targeted exosomal
therapies in improving outcomes for heart transplant patients.
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INTRODUCTION

Heart failure constitutes a significant global public health concern, affecting at least 26 million individuals worldwide,
with its prevalence showing an upward trajectory[1]. Currently, heart transplantation remains the primary therapeutic
approach for patients with advanced heart failure[2]. However, rejection of transplanted organs by the immune system
poses a formidable challenge, and prolonged use of immunosuppressive drugs to secure graft acceptance often results in
adverse reactions and toxicity[3]. Attaining immune tolerance in transplanted organs without extended immunosup-
pression is a crucial objective in transplantation science. Therefore, the development of strategies to prevent immune
rejection is important for heart transplantation.

Dendritic cells (DCs) and T cells are key factors in allograft rejection after transplantation. DCs are professional
antigen-presenting cells (APCs) that guide T-cell activation and are responsible for eliminating self-reactive T-cells that
evade thymic elimination, thereby contributing to the prevention of autoimmune responses[4]. Research has indicated
that the co-administration of DC and T regulatory cells (Treg) promotes allograft survival in heart transplantation.
Recently, exosomes derived from DCs were found to modulate the adaptive immune response to pathogens and tumors
[5]. T cell activation is a necessary step for allograft rejection because the limitation of DCs migration or proliferation
could prevent immune rejection in heart transplantation. Thus, environmental molecules are responsible for the fate of
immune cells and contribute to the development of DCs and immune rejection[6].

Studies have indicated that mesenchymal stem cells (MSCs) possess the ability to regulate the immune system by
influencing macrophage polarization[7], suppressing DC maturation[8], prolonging neutrophil viability[9], inhibiting
natural killer cell proliferation and cytotoxicity[10], suppressing T effector cell proliferation, promoting Treg proliferation
[11,12], and suppressing B cell proliferation and activation in a T cell-dependent manner[13]. MSCs exert their immu-
nomodulatory effects through either cell-cell interactions or paracrine activities[14,15], involving the release of trans-
forming growth factor beta (TGFp), interferon-gamma (IFN-y), prostaglandin E2, interleukin (IL)-10, tumor necrosis
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factor-alpha (TNF-a), and indoleamine 2,3-dioxygenase (IDO) through a cytokine-dependent mechanism[16]. The
potential of MSCs as valuable resources for cell therapy has also been demonstrated. Their remarkable ability to reduce
inflammation and suppress the immune system makes them highly desirable for treating graft-versus-host diseases and
preventing graft rejection[17]. However, inadequate viability of transplanted MSCs hampers the efficacy of MSC
treatment[18].

Exosomes are lipid vesicles released by various cell types including MSCs, DCs[19], B cells[20], and T cells[21]. They
typically have diameters of 40-100 nm[22]. Following secretion, exosomes can be internalized by either nearby or remote
cells, resulting in the transfer of molecular cargo that can affect the physiology and function of the receiving cell[23].
Recent studies have shown that exosomes derived from MSCs have a crucial impact on controlling the biological
activities of MSCs, thereby enhancing their therapeutic capabilities[24,25], and could potentially function as a substitute
for the transplantation of MSCs in cell therapy[26-30]. In addition, they modulate the immune system and promote tissue
repair[23,31,32]. MSC-derived exosomes have also demonstrated the ability to inhibit T cell activation and contribute to
the maintenance of immune homeostasis[33]. Exosomes possess various benefits over their parental cells, such as reduced
immunogenicity and the absence of tumor formation risks[24]. It has been suggested that exosomes can potentially be
used for cell-free treatment instead of MSC transplantation. In terms of immune modulation, exosomes present a
significantly lower risk profile compared to the direct genetic modification of immune cells. One possibility is to use
MSC-derived exosomes for the treatment of cardiovascular and cerebrovascular diseases[34,35], graft-versus-host diseases
[36-38], and neurodegenerative diseases[39].

Although exosomes have therapeutic potential, their stability and effectiveness remain a concern when considering
their clinical applications. Consequently, exosomes have been generated from MSCs that have undergone precondi-
tioning or epigenetic modifications[24]. Our previous study showed that exosomes derived from IDO-expressing rat bone
marrow MSCs (BMSCs) could regulate the activity of DCs and T cells in vitro and in vivo, as specified by cell markers and
cytokines, as well as promote survival and immune tolerance of recipient hearts[40,41]. Bioinformatics data revealed that
microRNA-540-3p (miR-540-3p) exhibited the greatest increase in expression among the miRNAs found in exosomes
derived from BMSCs expressing IDO[41]. Furthermore, we discovered that miR-540-3p, which was significantly
upregulated along with another upregulated protein, immunoregulatory four-and-a-half LIM domain protein 1,
negatively impacted Janus kinase 3, an immune stimulator, and hindered the activation of protein kinase B (Akt).
Consequently, this inhibition impedes the development and operation of DCs[41]. Because miR-540-3p is significantly
upregulated in exosomes secreted by IDO-expressing BMSCs[41], we hypothesized that miR-540-3p may play a role in
IDO-mediated MSC-derived exosome-mediated immunomodulation.

CD74, also known as the invariant chain of major histocompatibility complex (MHC) class II, functions as a chaperone
for MHC II and plays a crucial role in the MHC II-mediated antigen presentation pathway[42-44]. Previous studies have
demonstrated that lipopolysaccharide (LPS) stimulates an increase in CD74 expression in B cells. Furthermore, inhibition
of the nuclear factor-kappaB (NF-xB) pathway has been shown to reduce LPS-induced expression of CD74[45], indicating
that CD74 may exert its activity through NF-«B activation. CD74 is widely expressed in various immune cells, including B
cells, activated T cells, DCs, monocytes/macrophages, and Langerhans cells[46]. It has also been implicated in numerous
immune-related disorders, including autoimmune diseases[44]. NF-xB, a versatile transcription factor found in nearly all
mammalian cells, plays a role in processes such as inflammation, immune response, cell survival, proliferation, and
differentiation[47]. NF-xB activation is observed in transplanted solid organs, and specifically inhibiting NF-xB can
enhance graft survival with reduced adverse effects compared with broad immunosuppressive treatments in specific cell
populations[48]. However, further investigation is required to explore the potential collaboration between CD74 and NF-
kB in allograft rejection and to understand the associated mechanisms. In the present study, we investigated the role of
miR-540-3p in immunomodulation and cardiac allograft tolerance by two approaches: (1) We established miR-540-3p-
knock-in and -knock-out rat models; and (2) Wild-type (WT) rats were injected with exosomes derived from miR-540-3p-
overexpressing BMSCs.

MATERIALS AND METHODS

Animals

Healthy male specific-pathogen-free Sprague Dawley (SD) and Wistar rats, aged 4-6 weeks and weighing 200-250 g, were
procured from Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China). MiR-540-3p-knock-in and miR-540-3p-knock-out
rats were obtained from Cyagen Biosciences Inc. (Guangzhou, China). All animal experiments adhered to the ARRIVE
principles, were conducted with the assistance of Yunan Labreal Biotech Ltd., and were approved by the Animal Care
and Use Committee of Yunan Labreal Biotech Ltd. (Certificate: No. SL20220510).

Establishment of BMSC culture

SD rat BMSCs were extracted from the femur and tibia following a previously described protocol[41]. Briefly, the rats
were anesthetized with a single intravenous injection of sodium pentobarbital (200 mg/kg) before euthanasia via cervical
dislocation. The femur and tibia were collected and immersed in 75% ethanol for 2 minutes and then in 0.9% normal
saline. The bone marrow was flushed, the femur and tibia were chopped into cubes, and the liquid was transferred to a
sterilized tube. Following centrifugation at 1500 x g for 10 minutes, the cell pellet was resuspended in bone marrow MSC
growth medium (Cyagen Biosciences, Sunnyvale, CA, United States) supplemented with 10% fetal bovine serum (Gibco,
Thermo Fisher Scientific, United States). The cells were incubated at 37 °C with 5% CO, for 72 hours, and the medium was
changed every three days. Cells at passage 7 were used for subsequent experiments. Expressed (CD73, CD90, CD44 and
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CD29) and unexpressed (CD11b, CD34 and CD45) markers of MSC were analyzed by flow cytometry (Supplementary
Figure 1).

MiRNA transfection

BMSCs overexpressing or downregulating miR-540-3p were generated via transfection. Cells in the exponential growth
phase were inoculated at 2 x 10° cells/well in 24-well plates, cultured overnight, and then transfected with miR-540-3p-
mimic (50 nM), miR-540-3p-inhibitor (100 nM), and miRNA negative control (NC) (50 nM) using riboFECT™ CP Reagent
and Buffer (RiboBio, Guangzhou, China) as per the manufacturer’s instructions. Briefly, 1.25 pL of the miR was diluted
with 30 pL riboFECT™ CP buffer. The diluent was mixed with 3 pL riboFECT™ CP reagent and incubated at room
temperature for 10 minutes. The riboFECT CP-miR mixture was added to the cells along with the cell culture medium
and incubated at 37 °C with 5% CO, for 48 hours. This procedure was also applied to DCs and T cell transfection
experiments.

Construction of BUSCs overexpressing IDO

BMSCs overexpressing IDO (BMSC™™°) were generated using a previously established lentiviral transduction method[40].
In summary, the rat IDO1 gene was inserted into the lentiviral vector GV308, and the resulting recombinant plasmids
were introduced into Escherichia coli DH50. HEK293 cells were co-transfected with the recombinant plasmids pHelper 1.0,
and pHelper 2.0, to package the lentivirus. After 48 hours of cell culture, the collected supernatant was used to infect
BMSCs.

Extraction of BUSCs-derived exosomes

Exosomes were extracted using the ExoQuick technique, as described previously[41]. Briefly, following a 48-hour culture
period, the cells were centrifuged at 300 x g for 15 minutes at 4 °C to obtain the supernatant. The supernatant was further
centrifuged at 15000 x g for 30 minutes at 4 °C and the resulting supernatant was filtered through a 0.2-pm filter. The
filtrate was then centrifuged at 120000 x g for 70 minutes at 4 °C and exosomes were harvested using an ExoQuick-TC kit
(System Biosciences, Mountain View, California, United States).

Preparation and culture of DCs

DCs from SD rats were obtained using a previously described method[41]. Briefly, after sedation, the aorta was isolated,
and blood samples were collected. Blood was combined with erythrocyte lysis buffer (Solarbio Co., Ltd., Beijing, China)
and incubated on ice for 15 minutes with intermittent vortexing. Lymphocytes were obtained using Lymphocyte
Separation Medium (Prathipati et al[28]) (Solarbio Co., Ltd., Beijing, China). After resuspending the cells in erythrocyte
lysis buffer, the mixture was centrifuged at 450 x g for 10 minutes at 4 °C. The cell pellet was resuspended in RPMI 1640
medium containing 10% fetal bovine serum, 20 ng/mL granulocyte-macrophage colony-stimulating factor, and
10 ng/mL IL-4. Cells were cultured for 10 days, and DCs were isolated using anti-rat DC (OX62) MicroBeads (Miltenyi)
according to the manufacturer’s instructions. DCs were identified by detecting OX62-positive cells based on their
morphology using an electron microscope.

Preparation and culture of T cells

SD rat T cells were obtained using methods outlined in a previous study[40]. Briefly, spleens were aseptically harvested,
minced, and processed into single-cell suspensions. After treatment with erythrocyte lysis solution, the mixture was
cooled on ice for 15 minutes with intermittent agitation. Cell collection was achieved by centrifugation at 450 x g for 10
minutes at 4 °C. For cell sorting, the suspension was centrifuged at 300 x ¢ for 10 minutes and resuspended in MACS
buffer. The cell suspension was incubated with anti-DC (OX62) microbeads at 4 °C for 15 minutes. After washing, centri-
fugation, and resuspension, the cells were passed through a column, following the manufacturer’s instructions. The
resulting T cells were observed under a phase-contrast microscope.

Real-time reverse transcriptase-polymerase chain reaction

Total RNA was extracted using TRIzol reagent according to the manufacturer’s instructions (Thermo Scientific, Waltham,
MA, United States). RNA concentration was determined using a Nanodrop (ND-1000). cDNA was synthesized using the
Bulge-Loop miRNA qRT-PCR Starter Kit (C10211-1; Ribobio, Guangzhou, China). Primers were designed and
synthesized by RiboBio (Guangzhou, China). Quantitative real-time polymerase chain reaction (QPCR) was performed
using 2 x SYBR Green Master Mix (5 pL), RT product (1 pL), Bulge-Loop™ miRNA Forward Primer (5 pmol/L, 0.4 uL),
Bulge-Loop™ miRNA Reverse Primer (5 pmol/L, 0.4 pL), ROX (0.2 pL) in a total reaction volume of 10 pL. U6 was used
as the internal reference, and the relative expression level of miR-540-3p was determined using the 2 method. This
experiment was repeated six times. These procedures are also applicable to animal experiments. The primer for rno-miR-
540-3p was shown as: Forward 5-AGAGGCGACCGGGCCA-3’, reverse: 5-AGTGCAGGGTCCGAGGTATT-3".

Co-culture of cells and BMSCs-derived exosomes

DCs, T cells, and DCs + T cells (DCs:T cells = 1:1) were co-cultured with the following BMSC-derived exosomes: (1)
Exosomes from untreated BMSCs (BMSC exosome); (2) Exosomes from BMSCs transfected with miR-NC (BMSCN¢
exosome); (3) Exosomes from BMSCs transfected with miR-540-3p-mimic (BMSCmi®3#3pmimic exosome); (4) Exosomes from
BMSCs transfected with miR-540-3p-inhibitor (BMSCmik-54-3p-inhititer exosome); and (5) Exosomes from BMSCs infected with
IDO-containing lentivirus (BMSC™® exosome). Untreated cells served as cell-only controls. All co-culture groups, except
the cell-only control group, were also treated with LPS (5 pg/mL) to induce an immune response. The concentration of
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exosomes from corresponding BMSCs was adjusted to 5 pg/mL before addition to cells (all in the number of 107). The co-
culture was incubated at 37 °C with 5% CO, for 72 hours before subsequent experiments.

Western blot analysis

Western blot analysis was used to determine the expression levels of CD74 and NF-xB p65. Cells (DCs and T cells)
underwent lysis with RIPA buffer containing phosphatase and protease inhibitors (Beyotime Biotechnology, China) for 30
minutes at 4 °C. Protein concentration was determined using the BCA assay following the manufacturer’s instructions
(Beyotime Biotechnology, China). Proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto a polyvinylidene fluoride membrane (Millipore) using the wet transfer method. After
blocking with 5% bovine serum albumin (Solarbio Co., Ltd, Beijing, China), the membrane was incubated overnight at
4 °C with anti-CD74 polyclonal antibody (1:1000 dilution; ThermoFisher PA5-22113), anti-NF«B p65 monoclonal antibody
(1:200 dilution; ThermoFisher 436700), and anti-GAPDH monoclonal antibody (1:1000 dilution; Abmart M20006).
Subsequently, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000
dilution; Cat. No. 7074 or 7076, Cell Signal Technology) for 2 hours at room temperature. Signals were visualized using an
enhanced chemiluminescence reagent (Solarbio Co., Ltd., Beijing, China). Band intensities were semi-quantitatively
analyzed using Image] software, with GAPDH bands serving as loading controls to normalize the gray values. Each
experiment was repeated six times. This procedure is also applicable in animal experiments.

Flow cytometry analysis

Flow cytometry was used to analyze DCs and T-cell surface markers. After 72 hours of co-culture, cells were harvested
and incubated with the following antibodies: Phycoerythrin-conjugated anti-CD80 (eBioscience™, Thermo Fisher
Scientific, Cat. No. 12-0800-82), Alexa Flpor® 488-conjugated anti-CD86 (Abcam, Cat. No. ab256270), allophycocyanin-
conjugated anti-MHC II (anti-HLA-DR) (Cat. No. bs-1198R-APC), and fluorescein isothiocyanate (FITC)-conjugated anti-
CD274 (Cat. No. bs-4941R-FITC), and FITC-conjugated anti-CD3 (eBioscience, Thermo Fisher Scientific, Cat. No. 11-0030-
82), FITC-conjugated anti-CD4 (eBioscience™, Thermo Fisher Scientific, Cat. No. 11-0040-82), allophycocyanin-conjugated
anti-CD8 (eBioscience™, Thermo Fisher Scientific, Cat. No. 17-0084-82), and allophycocyanin -conjugated anti-CD25
(eBioscience™, Thermo Fisher Scientific, Cat. No. 17-0390-82). The stained cells were analyzed using a flow cytometer
(ACEA NovoCyte™ 2060R, United States). Each experiment was repeated six times. This procedure is also applicable in
animal experiments.

ELISA analysis

Cell culture supernatants or serum samples from animal experiments were collected to determine cytokine levels. The
samples were assayed using commercially available rat enzyme-linked immunosorbent assay kits (Mlbio, China) for IL-
1B (Cat. No. ml037361) and IFN-y (Cat. No. m1064291), IL-10 (Cat. No. ml037371) and TGFp1 (Cat. No. m1002856). The
optical density was measured using a microplate reader (SpectraMax 190, Molecular Devices Corporation, United States)
at 450 nm immediately after the addition of the stop solution. Each experiment was repeated six times.

Prediction of miRNA target and dual-luciferase

The binding sites of CD74 with miR-540-3p were predicted using TargetScan ver_7.2 (https://www.targetscan.org/
mmu_72/). Gene Ontology annotation and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses
were conducted using the clusterProfiler R package to ensure a false discovery rate of less than 0.05. Gene Ontology
annotations encompassed terms related to biological processes, molecular functions, and cellular components. WT and
mutant plasmids were constructed and cloned into the pRL-REPORT plasmid. HEK 293T cells were cultured in 24-well
plates at a density of 2 x 10° cells/well. Subsequently, the cells were transfected with pRL-REPORT plasmids, miR-540-3p
mimics, or their respective NCs using Lipofectamine 2000. The luciferase activities of Renilla and fireflies were
determined using a Luciferase Reporter Assay Kit (Promega, China). Relative luciferase activity was determined by
normalizing the results to the deviation of firefly /Renilla luciferase activity.

Co-immunoprecipitation analysis

At 36 hours after transfection, DCs and T cells were harvested and lysed in pre-cooled RIPA buffer for 30 minutes at 4 °C.
The cell lysate was centrifuged at 12000 x g for 30 minutes at 4 °C to collect the supernatant. Next, rabbit anti-rat NF-«xB
p65 immunoglobulin G (CST Cat. No. 8242) or rabbit anti-rat immunoglobulin G (control) was added to the supernatant,
and the mixture was incubated overnight at 4 °C. The protein A/G beads (Sc0102, Elabscience), washed with pre-cooled
RIPA buffer, were then added to the mixture, incubated at 4 °C for 2 hours, centrifuged at 8000 x g for 30 seconds, and the
pellet was harvested for western blotting to detect CD74.

Heterotopic heart transplantation

Heterotopic heart transplantation was performed as previously described[40]. Donors (Wistar rats) and recipients (SD
rats, miR-540-3p knock-in rats, or miR-540-3p knock-out rats) underwent surgery at 7-9 weeks of age, with a body weight
of 250-300 g. Random numbers for the animal groups were generated using the Rand function in Microsoft Excel. The rats
were anesthetized with an intravenous injection of sodium pentobarbital (30 mg/kg). After anticoagulation (50 U/L
heparin), cardiac arrest was induced by infusing 5 mL of cold saline solution into the heart. The cardiac grafts were
excised and transplanted into the recipient abdomen. The signs of hind leg paralysis, tail stiffness, or bruising of the
toenail tips indicated failure. Animal caregivers and model operators were unaware of the grouping to ensure consistent
care, monitoring, and handling. Rats undergoing heart transplantation were injected with normal saline (1 mL) or
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exosomes (2 mL, 5 pg/mL) via the tail vein three days post-surgery. The exosome types included BMSC, BMSCNC,
BMSCmik-540-3p-mimic B\[SCmik-540-3p-inhibiter and BMSC™© exosomes. Rats that did not undergo transplantation were admi-
nistered normal saline (1 mL) as a control. For statistical independence, six rats were selected from each group, in total 52
Wistar rat donors and 58 SD rats (43 WT SD rats, seven miR-540-3p knock-in rats, and eight miR-540-3p knock-out rats).
Two rats experienced intervention hemorrhage during heterotopic heart transplantation, and two died within 12 hours
post-model construction. The main causes of model mortality are bleeding, infection, or postoperative rejection, and heart
failure[49,50]. The animals were kept under standard conditions, and all experiments were performed in compliance with
the principles of laboratory animal care (NIH publication No. 86-23, revised 1985). All animal experiments were
performed using the platform of Yunan Labreal Biotech Ltd., Co., and conducted by the co-author Jigang He in
accordance with the ARRIVE principles and were approved by the Animal Care and Use Committee of Yunan Labreal
Biotech Ltd., Co. (Approval number: No. SL20220510). The primary goal of this study was to collect foundational experi-
mental data to support future complex designs; thus, a small sample size is warranted for statistical independence. After
seven days, the animals were euthanized through over-anesthesia (intravenous injection of sodium pentobarbital (200
mg/kg), followed by cervical dislocation. The endpoint was set as when an animal was unable to eat or drink without
anesthesia or sedation, was unable to stand for up to 24 hours, or could stand only with extreme reluctance. Heart
samples and blood were fixed for histopathological analysis or rapidly frozen using liquid nitrogen and preserved at
-80 °C for later examination.

Echocardiographic assessments of ventricular function

Heart function was assessed using a color Doppler echocardiography instrument (PHILIPS EPIQ 7C; Philips, Best,
Netherlands) 72 hours after heart transplantation[41]. Left ventricular (LV) parameters were obtained from 2-dimensional
images and M-mode interrogation in the long-axis view. The LV ejection fraction (B-mode) and fractional shortening (M-
mode) were determined using previously described formulas[40] and measured over three cardiac cycles.

Histological and morphological examination

For histological and morphological examinations, heart grafts were obtained 72 hours after transplantation. The
harvested heart tissues underwent fixation in 4% neutral buffered paraformaldehyde for 24 hours, paraffin embedding,
and subsequent sectioning at a thickness of 5 pm. Hematoxylin and eosin staining was performed, and the LV
myocardium was examined under a light microscope (Olympus CKX41, Olympus, Tokyo, Japan).

Statistical analysis

Data were analyzed using GraphPad Prism 8 (GraphPad Software, La Jolla, California, United States). Results are
presented as the mean + SD. Group differences were evaluated using one-way analysis of variance (ANOVA), followed
by a post-hoc Bonferroni test. Statistical significance was set at P < 0.05.

RESULTS

Overexpression of miR-540-3p in DCs or T cells enhanced the immune tolerance

In our previous study, we identified the top 20 up- and down-regulated miRNAs in IDO-overexpressed BMSC exosomes
compared with BMSC exosomes were selected using the criteria set at | Log2 fold change (FC)| > 1.5 and P value < 0.05.
Among these miRNAs, ten immune-related candidates[41] (rno-miR-540-3p, rno-miR-1188-5p, rno-miR-434-3p, rno-miR-
431, rno-miR-200a-5p, rno-miR-136-5p, rno-miR-375-3p, rno-miR-466b-5p, rno-miR-25-5p, and rno-miR-338-5p) were
selected based on their gene symbols (Figure 1A, Table 1). Additionally, we performed qPCR to detect immune-related
miRNAs in exosomes. The qPCR results indicated that rno-miR-466b-5p, rno-miR-25-5p, and rno-miR-338-5p were
downregulated, whereas rno-miR-540-3p, rno-miR-1188-5p, rno-miR-434-3p, rno-miR-431, rno-miR-200a-5p, rno-miR-
136-5p, and rno-miR-375-3p were upregulated in IDO-overexpressing exosomes compared to exosomes derived from
BMSCs and BMSCs transfected with NC plasmids (Figure 1B). Notably, miR-540-3p showed the most highly upregulated
expression in the qPCR analysis. Furthermore, as demonstrated in our previous study[41], DC and T cell states are
modulated by IDO-overexpressing BMSC exosomes, prompting further investigation into how miR-540-3p overex-
pression or inhibition specifically affects immune responses in DCs and T cells.

To explore this, DCs and T cells were transfected with the miR-540-3p mimic, miR-540-3p inhibitor, and their corres-
ponding NCs, followed by treatment with LPS, a potent activator of immune cells including B cells, monocytes,
macrophages, and other LPS-reactive cells. The expression of miR-540-3p was assessed using qPCR at 48, 72, and 96 hours
post-transfection. In both DCs and T cells, the miR-540-3p-mimic group exhibited significantly higher expression than the
control and NC groups at all three time points, with peak expression observed at 72 hours. Conversely, the miR-540-3p
inhibitor group showed a significant decrease in expression 72 and 96 hours post-transfection (Figure 1C). Subsequent
experiments were conducted 72 hours after plasmid transfection. Flow cytometry analysis showed that the expression of
surface markers, including CD80, CD86, MHC II, and CD274, was significantly increased in DC stimulated with LPS for
72 hours (Figure 1D-G). In addition, DCs transfected with the miR-540-3p inhibitor showed increased expression of MHC
II (Figure 1D), CD80 (Figure 1E), and CD86 (Figure 1F), but decreased expression of CD274 (Figure 1G). Conversely,
transfection with the miR-540-3p mimic produced the opposite effect, reducing the expression of MHC II, CD80, and
CD86 while increasing CD274 levels.
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Table 1 Inmune-related microRNA in top 20 up regulated microRNAs

miRNA ID Log2FC miRBase ID Up/down Gene symbol
rno-miR-540-3p 7.17 MIMAT0003174 Up Jak3
rno-miR-1188-5p 6.244 MIMATO017854 Up Cd28
rno-miR-434-3p 5.002 MIMATO0005315 Up Aicda
rno-miR-431 4411 MIMATO001626 Up Icos
rno-miR-200a-5p 4149 MIMAT0017151 Up RT1-N2
rno-miR-136-5p 2.921 MIMATO0000842 Up Cdso
rno-miR-375-3p 2.84 MIMATO0005307 Up Tshr
rno-miR-466b-5p -1.713 MIMAT0005278 Down Cxcl12
rno-miR-25-5p -1.786 MIMATO0004713 Down Cd4
rno-miR-338-5p -1.936 MIMAT0004646 Down Rag2

miRNA: MicroRNA; FC: Fold change; JAK3: Janus kinase 3.

The supernatant of cell culture was collected to examine cytokine secretion. In DC cells, LPS treatment significantly
increased pro-inflammatory cytokine levels (IL-1p and IFN-y) as well as anti-inflammatory cytokines (IL-10 and TGFf1).
After miR-540-3p inhibitor transfection, pro-inflammatory cytokine levels were increased, but anti-inflammatory cytokine
levels were significantly decreased in LPS exposed to DCs co-cultured with T cells (Figure 1H-K). Conversely,
transfection with the miR-540-3p mimic produced the opposite effect, decreasing pro-inflammatory cytokines while
increasing anti-inflammatory cytokines. These results indicate that miR-540-3p regulates the expression of surface
markers in DCs and influences the cytokine levels secreted by DCs co-cultured with T cells under LPS exposure.

Subsequently, we examined the effect of miR-540-3p overexpression on cytokine expression in T cells and T cells co-
cultured with DCs using the same approach. Similarly, the miR-540-3p-mimic group exhibited peak expression at 72
hours post-transfection (Figure 2A). Following LPS stimulation, the ratios of CD4* T cells, CD8"* T cells, and Tregs were
significantly higher than those of the normal T cells. Transfection with the miR-540-3p mimic reduced the ratios of CD4*
and CD8" T cells while increasing the ratio of Tregs. Conversely, transfection with the miR-540-3p inhibitor increased the
ratios of CD4* and CD8" T cells while decreasing the ratio of Tregs (Figure 2B-D, Supplementary Figure 2). The secretion
of IL-1B, IFN-y, IL-10, and TGFp1 was increased in LPS-stimulated T cells compared to normal T cells without LPS
stimulation. However, transfection with the miR-540-3p mimic resulted in a decrease in IL-1p and IFN-y concentrations in
T cells and T cells co-cultured with DCs, accompanied by an increase in IL-10 and TGFp1 concentrations. Conversely,
transfection with the miR-540-3p inhibitor increased IL-1B and IFN-y levels while decreasing IL-10 and TGFB1 concen-
trations secreted by T cells and T cells co-cultured with DCs (Figure 2E-H). These results indicate that miR-540-3p
regulates the ratios of T cell subgroups and influences the cytokine levels secreted by T cells and T cells co-cultured with
DCs.

Co-culture with BMSCr<%mmic exosomes enhanced the immune tolerance in DCs and T cells

Based on the findings that miR-540-3p modulates immune responses in DCs and T cells and that environmental
molecular signals influence immune cell development and function, we further investigated whether BMSC-derived
exosomes carrying miR-540-3p could promote immune tolerance in DCs and T cells. Transmission electron microscopy
showed that BMSC exosomes exhibited a theatre-like structure and a size of approximately 50-100 nm, with a bilayer
structure featuring clearly defined membrane boundaries (Figure 3A). Nanosight analysis revealed particle sizes ranging
from 133.4 to 226.5 nm, displaying irregular Brownian motion and a concentration of 3.8 x 10° particles/mL (Figure 3B).
Our data demonstrated that BMSC transfected with miR-540-3p produced exosomes carrying miR-540-3p, with a
maximum at 72 hours post-plasmid transfection (Figure 3C). Exosomes from BMSCs at 72 hours post-transfection were
used in subsequent experiments. The expression of miR-540-3p in DCs and T cells was assessed after co-culturing with
exosomes. The expression of miR-540-3p was significantly higher in DCs and T cells co-cultured with BMSC exosomes,
and it further increased after co-culture with BMSCm-3403pmimic exosomes or BMSC™® exosomes compared to that in the
BMSC exosome group. In contrast, expression decreased after co-culture with BMSC®-543p-inhibiter ex gsomes compared to
DCs and T cells co-cultured with BMSC exosomes (Figure 3D and E).

The positivity rate for MHC II, CD80, and CD86 was decreased (Figure 4A-C), whereas the positivity rate of CD274
(Figure 4D) was increased after co-culture with BMSCmik5¢3p-mimic exosomes or BMSCP® exosomes compared to those in
the BMSC exosome group. Conversely, the positivity rate of MHC II, CD80, and CD86 was increased after co-culture with
BMSCmif-3403p-inhibiter ox gsomes (Figure 4A-C, Supplementary Figure 3). The concentrations of the pro-inflammatory
cytokines IL-1p and IFN-y, as well as the anti-inflammatory cytokines IL-10 and TGFp1, secreted by DCs were also invest-
igated (Figure 4E-H). The concentrations of IL-1B, IFN-y, IL-10, and TGFp1 increased compared with normal DCs after
LPS stimulation. After co-culture with BMSC exosomes, the concentrations of IL-18 and IFN-y decreased, while IL-10 and
TGEFp1 increased. Furthermore, the concentrations of IL-1p and IFN-y further decreased, and the concentrations of IL-10
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Figure 1 Overexpression of microRNA-540-3p in dendritic cells modulates surface markers and cytokine production. A: Ten immune-related
microRNAs (miRNAs) in indoleamine 2,3-dioxygenase-overexpressing bone marrow mesenchymal stem cell exosomes compared to those in bone marrow
mesenchymal stem cell exosomes; B: Quantification of immune-related miRNA expression by quantitative real-time polymerase chain reaction; C: Expression of miR-
540-3p in dendritic cells (DCs) at 48, 72, and 96 hours after transfection; D-G: Flow cytometry analysis of the positive rate of cell surface markers in DCs (major
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histocompatibility complex I, CD80, CD86, CD274) and DCs after co-culture with T cells for 72 hours; H-K: Enzyme-linked immunosorbent assay-based quantitative
analysis of cytokine production (interleukin-1p, interferon-y, interleukin-10, transforming growth factor 1) in DCs and DCs after co-culture with T cells for 72 hours. 2P
< 0.05, 9P < 0.0001. BMSC: Bone marrow mesenchymal stem cell; NC: Negative control; IDO: Indoleamine 2,3-dioxygenase; DC: Dendritic cell; LPS:
Lipopolysaccharide; IL: Interleukin; TGF: Transforming growth factor; IFN: Interferon.
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Figure 2 Overexpression of microRNA-540-3p in T cells modulates cell subtypes and cytokine production. A: Expression of microRNA-540-3p
in T cells at 48, 72, and 96 hours post-plasmid transfection; B-D: Flow cytometry analysis of the positive rate of T cells (CD4" T, CD8" T, and T regulatory cell) and T
cells after co-culture with dendritic cells for 72 hours; E-H: Enzyme-linked immunosorbent assay-based quantitative analysis of cytokine production (interleukin-1p,
interferon-y, interleukin-10, and transforming growth factor B1) in T cells and T cells after co-culture with dendritic cells for 72 hours. 2P < 0.05, °P < 0.0001. NC:
Negative control; LPS: Lipopolysaccharide; IL: Interleukin; TGF: Transforming growth factor; IFN: Interferon.

and TGFp1 further increased after co-culture with BMSCmik5403p-mimic exosomes and BMSC™° exosomes compared to the
BMSC exosome group. Conversely, the concentrations of IL-1p and IFN-y increased, and the concentrations of IL-10 and
TGFp1 decreased after co-culture with BMSCmik-3403p-inhibiter ex9somes compared with the BMSC exosome group. These
results indicate that miR-540-3p affects the DC phenotype and mediates pro-/anti-inflammatory cytokine secretion in DC
exposed to LPS.

The ratios of CD4" T cells, CD8" T cells, and Tregs were assessed. After LPS stimulation, the ratios of CD4" and CD8* T
cells increased, whereas the ratio of Tregs decreased compared to those in the LPS-negative group; the ratios of CD4* and
CD8" T cells further decreased, whereas the ratio of Tregs further increased after treatment with BMSCmiR-340-3p-mimic
exosomes and BMSC™™ exosomes. Conversely, the ratios of CD4" T cells and CD8" T cells increased, while the ratio of
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Figure 3 Production and characterization of bone marrow mesenchymal stem cell™®-54-3-mimic exgsomes. A: Transmission electron microscopy
image of isolated exosomes; B: Nanosight analysis for exosome size and concentration; C: Expression of microRNA-540-3p (miR-540-3p) in bone marrow
mesenchymal stem cell-derived exosomes at 48, 72, and 96 hours after plasmid transfection; D: Expression of miR-540-3p in dendritic cells; E: Expression of miR-
540-3p in T cells. °P < 0.01, °P < 0.001, P < 0.0001. BMSC: Bone marrow mesenchymal stem cell; IDO: Indoleamine 2,3-dioxygenase; DC: Dendritic cell; LPS:
Lipopolysaccharide; exo: Exosomes.

Tregs decreased after treatment with BMSCmik5403pinhibitr ex9somes compared to those in the BMSC exosome group
(Figure 5A-C, Supplementary Figure 3). The extracellular level of the secreted pro-inflammatory cytokines IL-1p and IFN-
Y, as well as the anti-inflammatory cytokines IL-10 and TGFp1 in T cell supernatant, all increased after LPS stimulation
compared with that without LPS treatment (Figure 5D-G). After co-culture with BMSC exosomes, the levels of IL-1f and
IFN-y secreted by T cells decreased, while IL-10 and TGFf1 increased. Moreover, the concentrations of IL-1p and IFN-y
further decreased, and the concentrations of IL-10 and TGFp1 further increased after co-culture with BMSCmik-540-3p-mimic
exosomes and BMSC™° exosomes compared to the BMSC exosome group. In contrast, the secretion of IL-1 and IFN-y in
T cells culture increased, and the levels of IL-10 and TGFp1 decreased after co-culture with BMSCmiR-5403p-inhibitor ax 9gomes
compared with the BMSC exosome group. Therefore, exosomes from miR-540-3p-overexpressing BMSC suppressed
inflammation and promoted anti-inflammatory effects in LPS-stimulated T-cells exposed to LPS.

To mimic the conditions of immune tolerance, we co-cultured DCs with T cells and stimulated them with LPS and
found that the levels of DCs surface markers, including MHC II, CD80, CD86, and CD274, were significantly increased.
The positivity rate of DC markers and the proportion of T cells increased after LPS stimulation. After co-culture with
BMSC exosomes, the positivity rates of MHC II, CD80, and CD86, as well as the ratio of CD4" T cells to CD8" T cells,
decreased. In contrast, the positivity rate of CD274 and the ratio of Tregs increased, and these effects were further
observed after co-culture with BMSCmik5403pmimic axgosomes and BMSC™® exosomes, compared to the BMSC exosome
group. The positivity rate of MHC II and the ratio of CD4" T cells to CD8" T cells increased, whereas the ratio of Tregs
decreased after co-culture with BMSCmif3403p-inhibiter exgsomes (Figure 6A-G, Supplementary Figure 3). Moreover, the
expression of secreted IL-1p, IFN-y, as well as IL-10 and TGFp1, in culture supernatant from co-cultured DCs and T cells
were also investigated (Figure 6H-K). The concentrations of IL-1B, IFN-y, IL-10, and TGFp1 increased after LPS
stimulation. After co-culture with BMSC exosomes, the concentrations of IL-1p and IFN-y decreased, whereas those of IL-
10 and TGFp1 increased. The concentrations of IL-1B and IFN-y further decreased, and the concentrations of IL-10 and
TGEFp1 further increased after co-culture with BMSCmik5¢0%-mimic oxosomes and BMSC'™® exosomes compared with the
BMSC exosome group. Conversely, the concentrations of IL-1p and IFN-y increased, and the concentrations of IL-10 and
TGFp1 decreased after co-culture with BMSCmiR-340-3p-inhibiter ex 9somes compared with the BMSC exosome group. These
results demonstrate that co-culture with BMSCmi®->403p-mimic exgsomes enhances immune tolerance in DCs and T cells.
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Figure 4 Bone marrow mesenchymal stem cel|™*-543r-mimic exgsomes reduces immune resistance in dendritic cells. A-D: Flow cytometry
analysis of the positive rate of cell surface markers in dendritic cells (major histocompatibility complex 1, CD80, CD86, and CD274) for 72 hours; E-H: Enzyme-linked
immunosorbent assay-based quantitative analysis of cytokine production (interleukin-1p, interferon-y, interleukin-10, transforming growth factor 1) in dendritic cells. 2
P <0.05, 9P < 0.0001. MHC: Major histocompatibility complex; BMSC: Bone marrow mesenchymal stem cell; IDO: Indoleamine 2,3-dioxygenase; DC: Dendritic cell;
LPS: Lipopolysaccharide; exo: Exosomes; IL: Interleukin; TGF: Transforming growth factor; IFN: Interferon.

Co-culture with BMSCrrs«smin- exosomes decreased the expression of CD74 and NF-kB p65 in DCs and T cells
MiRNAs exert their functions by binding to the 3’ untranslated region of target mRNAs, leading to the downregulation of
their expression. Target genes of miR-540-3p were predicted using TargetScan (http:/ /www.targetscan.org/vert_72/),
and subsequent Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses of the target genes
were conducted (Supplementary Tables 1 and 2). The results revealed that the target genes of miR-540-3p were
principally enriched in the regulation of neuronal projection development, epithelial tube morphogenesis, and
homophilic cell adhesion via plasma membrane adhesion molecules (Figure 7A).

CD74 is essential for MHC class II antigen presentation and, by activating extracellular signal-regulated kinase-1/2 and
phosphoinositide 3-kinase/ protein kinase B/SRC signaling pathways, modulates the functions of macrophages, dendritic
cells, T cells, and B cells, thereby orchestrating immune responses and playing a key role in allogeneic transplantation
(https:/ /reurl.cc/34Grrj). Accordingly, we aim to investigate the potential involvement of CD74 in the immunomodu-
latory effects of miR-540-3p. The binding of CD74 to miR-540-3p was predicted, and a dual-luciferase assay was
performed. Co-transfection of miR-540-3p mimics and WT CD74 plasmids resulted in decreased relative luciferase
activity compared to cells co-transfected with NC mimics and WT CD74 plasmids. Conversely, when miR-540-3p mimics
or NC mimics were co-transfected with mutant CD74 plasmids, there was no significant change in the relative luciferase
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Figure 5 Bone marrow mesenchymal stem cellm54-%-mimic exosomes reduces immune resistance in T cells. A-C: Flow cytometry analysis of the
positive rate of CD4" T cells, CD8" T cells, and regulatory T cells for 72 hours; D-G: Enzyme-linked immunosorbent assay-based quantitative analysis of cytokine
production (interleukin-1p, interferon-y, interleukin-10, and transforming growth factor p1) in T cells. ¢P < 0.0001. BMSC: Bone marrow mesenchymal stem cell; LPS:
Lipopolysaccharide; exo: Exosomes; IL: Interleukin; TGF: Transforming growth factor; IFN: Interferon.

activity (Figure 7B). These findings indicate that CD74 is a target of miR-540-3p.

Additionally, the transcription factor NF-«xB p65 is considered a downstream target of CD74. The interaction between
CD74 and NF-xB p65 was verified through a co-immunoprecipitation experiment after transfection of CD74 and NF-xB
p65 in DCs and T cells. These results demonstrated that CD74 co-precipitated with NF-xB p65. Upon LPS stimulation of
DCs or T cells, co-precipitation was more pronounced, and this effect decreased when cells were co-cultured with BMSC
exosmes and further decreased when cells were co-cultured with BMSCm&-343p-mimic exgsomes (Figure 7C and D).

Subsequently, the expression levels of CD74 and NF-«kB p65 were determined using western blotting in different co-
culture scenarios involving DCs, T cells, or DCs and T cells with various BMSC-derived exosomes. After co-culture with
BMSC exosomes, the expression levels of CD74 and NF-«xB p65 were significantly lower in BMSCmik540-3-mimic exgsomes
and BMSC™° exosomes co-cultured with DCs, T cells, or extracted DCs and T cells. In contrast, the expression levels of
CD74 and NF-kB p65 were significantly higher in BMSCmi-540-3p-inhibiter exgsomes compared to BMSC exosome-co-cultured
cells (Figure 7E-P). Furthermore, the expression levels of CD74 and NF-«xB p65 were determined in DCs and T cells
transfected with the miR-540-3p mimic, miR-540-3p inhibitor, or the corresponding NC. Following LPS stimulation, the
expression of CD74 and NF-kB p65 increased in DCs and T cells. At 72 hours post-transfection, the expression levels of
CD74 and NF-kB p65 in DCs or T cells transfected with miR-540-3p-mimic were significantly lower, while the expression
was higher in DCs or T cells transfected with miR-540-3p-inhibitor or extracted DCs or T cells after cell co-culture
(Figure 7Q-V). Building on these findings, we extended our investigation to an in vivo ectopic heart transplantation model
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Figure 6 Effect of bone marrow mesenchymal stem cellm®*4-3-mimic exosomes on dendritic cells after co-culturing with T cells. A-D: Flow
cytometry analysis of the positive rate of cell surface markers (major histocompatibility complex Il, CD80, CD86, and CD274) in dendritic cells cultured with T cells for
72 hours; E-G: Flow cytometry analysis of the positive rate of T cells (CD4* T, CD8" T, and T regulatory cells) and T cells after co-culture with dendritic cells; H-K:
Enzyme-linked immunosorbent assay-based quantitative analysis of cytokine production (interleukin-1, interferon-y, interleukin-10, and transforming growth factor B
1) in dendritic cell-T cells co-cultures. 2P < 0.05, 9P < 0.0001. MHC: Major histocompatibility complex; BMSC: Bone marrow mesenchymal stem cell; IDO: Indoleamine

2,3-dioxygenase; DC: Dendritic cell; LPS: Lipopolysaccharide; exo: Exosomes; IL: Interleukin; TGF: Transforming growth factor; IFN: Interferon; Treg: T regulatory
cell.
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Figure 7 CD74 is a target of microRNA-540-3p and regulates P65 expression. A: Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
enrichment analyses of microRNA-540-3p (miR-540-3p) targets; B: A dual-luciferase assay was used to detect the binding of miR-540-3p to CD74; C: Co-IP was
used to detect the binding of CD74 and nuclear factor-kappaB (NF-kB) in dendritic cells (DCs); D: Co-IP was used to detect the binding of CD74 and NF-kB in T cells;
E-G: Western blot analysis of the expression of CD74 and NF-kB in DCs; H-J: Western blot analysis of the expression of CD74 and NF-kB in T cells; K-M: Western
blot analysis of CD74 and NF-kB expression in DCs after co-culture with T cells; N-P: Western blot analysis of the expression of CD74 and NF-kB in T cells after co-
culture with DCs; Q-S: Western blot analysis of the expression of CD74 and NF-kB in DCs after plasmid transfection; T-V: Western blot analysis of CD74 and NF-xB
expression in T cells after plasmid transfection. 2P < 0.05, ®P < 0.01, °P < 0.001, %P < 0.0001. Mut: Mutant; BMSC: Bone marrow mesenchymal stem cell; IDO:
Indoleamine 2,3-dioxygenase; DC: Dendritic cell; LPS: Lipopolysaccharide; exo: Exosomes; NF-kB: Nuclear factor-kappaB.
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to examine how BMSC-derived exosomes with varying miR-540-3p levels influence immune tolerance.

Treatment of heart transplanted rats with BMSCr#s0w»ninic exosomes enhanced heart function

To determine the influence of miR-540-3p on immune resistance in an ectopic heart transplantation model, we res-
pectively administered BMSC exosomes, BMSCmi®340-3p-mimic exosomes, BMSCmik5403p-inhibiter ex osomes, BMSCN® exosomes and
BMSC™® exosomes via tail vein injection. Additionally, miR-540-3p knock-in and knock-out rats were generated, and an
ectopic heart transplantation model was established in these rats. Histopathological examination of the grafted heart
tissue was conducted in untransplanted WT SD rats (control) and SD rats undergoing Wistar-to-SD abdominal
heterotopic heart transplantation.

In normal SD heart tissues, cardiomyocytes exhibit a neat arrangement with no inflammatory cells in the periphery of
the blood vessels. Following ectopic heart transplantation, there was disorganization and reduction in cardiomyocytes,
accompanied by severe infiltration of inflammatory cells in the transplantation model. In contrast to the BMSC exosome
injection, the heart tissues from rats receiving BMSCmik%40-%-mimic exosomes and BMSC™® exosomes exhibited a more or-
dered arrangement of cardiomyocytes, an increased number of cardiomyocytes, and milder infiltration of inflammatory
cells. However, rats injected with BMSCmir%#0-p-nhibitr exosomes displayed a more disordered arrangement of
cardiomyocytes, decreased cardiomyocyte numbers, and more severe infiltration of inflammatory cells. Compared to the
models established using normal SD rats and miR-540-3p knock-in rats, the latter exhibited a milder pathology with a
more ordered arrangement, increased cardiomyocyte numbers, and less infiltration of inflammatory cells. Conversely, the
model established using miR-540-3p knock-out rats displayed more severe pathology, including a more disordered
arrangement, decreased cardiomyocyte numbers, and more pronounced infiltration of inflammatory cells (Figure 8A).

Echocardiography revealed that following BMSC exosome injection, the ejection fraction and ratio of fraction
shortening significantly increased compared to those in the model group. Injection of BMSCm®3#3pmimic exosomes and
BMSC'™ exosomes further increased the ejection fraction and ratio of fraction shortening. Compared to the WT model,
miR-540-3p knock-in rats exhibited an increased ejection fraction and ratio of fraction shortening, whereas miR-540-3p
knock-out rats showed a decrease in both parameters (Figure 8B and C). Following the observed improvements in cardiac
function, we next examined changes in serum cytokine levels to better understand the systemic immune response
induced by BMSC-derived exosomes. Compared to normal SD rats, the ectopic heart transplantation model exhibited
increased serum levels of IL-1B, IFN-y, IL-10, and TGFp1. Following the injection of BMSC exosomes, there was a decrease
in the serum concentrations of IL-1f and IFN-y. When administered BMSCm®>40-3p-mimic ex osomes, the serum concentrations
of IL-1B and IFN-y decreased, whereas those of IL-10 and TGFp1 increased. In contrast, injection of BMSCmiR-540-3p-inhibitor
exosomes led to an increase in serum concentrations of IL-1B and IFN-y, accompanied by a decrease in TGFf1 compared
with the BMSC exosome injection group. Injection of BMSC™® exosomes resulted in an increase in serum concentrations
of IL-10 and TGFp1 (Figure 8D-G). These findings suggest that specific miR-540-3p-modulated exosomes can influence
systemic cytokine profiles, supporting an immune-tolerant environment.

Subsequently, DCs and T cells were extracted from the spleen, and qPCR was performed to detect the expression of
miR-540-3p. Relative to normal WT SD rats, the heterotopic heart transplantation model exhibited decreased expression
of miR-540-3p in extracted DCs and T cells. Administration of BMSC exosomes increased the expression of miR-540-3p in
extracted DCs and T cells. Further elevation in the expression of miR-540-3p in the extracted DCs and T cells occurred
when BMSCmik-5403p-mimic exgsomes and BMSC™° exosomes were administered. Conversely, injection of BMSCmiR-540-3p-inhibitor
exosomes resulted in a decrease in the expression of miR-540-3p in extracted DCs and T cells compared to the BMSC
exosome injection group. Compared to the WT model, miR-540-3p knock-in rats exhibited increased expression of miR-
540-3p in DCs and T cells, whereas miR-540-3p knock-out rats displayed decreased expression of miR-540-3p (Figure 8H
and [). These findings indicate that miR-540-3p expression levels are modulated by BMSC exosome treatment and may
play a crucial role in regulating immune responses in the transplantation model.

To further elucidate the molecular mechanisms underlying these immune responses, we investigated changes in T cell
subpopulations as well as the expression of key immune regulatory proteins CD74 and NF-«B p65. In the WT model
group, there was an increase in the positive rate of CD80, CD86, MHC II, and CD274, as well as in the ratio of CD4* T
cells, CD8* T cells, and Tregs, compared to normal SD rats. Following BMSC exosome injection, the positive rates of
CD80, CD86, and MHC II, along with the ratio of CD4* T cells to CD8" T cells, decreased, while the positive rate of CD274
and the ratio of Tregs increased compared to those in the WT model. Further decreases in the positive rate of CD80,
CD86, and MHC 1I, as well as the ratio of CD4" T cells to CD8" T cells, were observed following the injection of
BMSCmif340-3p-mimic exosomes and BMSC™® exosomes. Conversely, the positivity rate of CD274 and the ratio of Tregs
increased further compared to those in the BMSC exosome injection group. The injection of BMSCmik->40-3p-inhibiter ex osomes
increased the positivity rates of CD80 and CD86, along with the ratio of CD4* and CD8" T cells. Conversely, the positivity
rate of CD274 and the ratio of Tregs decreased compared to those in the BMSC exosome-injected group. Compared to the
WT model, the positive rates of CD80, CD86, and MHC II, along with the ratio of CD4* T cells to CD8" T cells, decreased
in the extracted DCs and T cells. Conversely, the positivity rate of CD274 and the ratio of Tregs increased in miR-540-3p
knock-in rats, whereas the positivity rate of CD274 and the ratio of Tregs decreased in miR-540-3p knock-out rats
(Figure 8]-P, Supplementary Figure 4). Western blotting was performed to assess the expression of CD74 and NF-xB p65.
Relative to WT normal SD rats, the heterotopic heart transplantation model exhibited an increase in the expression of
CD74 and NF-xB p65 in DCs and T cells. Following the injection of BMSC exosomes, there was a decrease in the
expression of CD74 and NF-xB p65 in the extracted DCs and T cells. Administration of BMSCmik543p-mimic exposomes and
BMSC'™ exosomes resulted in a further decrease in the expression of CD74 and NF-«B p65 in extracted DCs and T cells.
Conversely, injection of BMSCmik3#03p-nhibitr exosomes led to an increase in the expression of CD74 and NF-xB p65 in
extracted DCs and T cells compared to the BMSC exosome injection group (Figure 8Q-V).
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Figure 8 Exosome-derived miR-540-3p alleviates immune resistance after heterotopic heart transplantation. A: Histopathological observation of
the heart after heterotopic heart transplantation using hematoxylin and eosin staining; B: Detection and calculation of the difference in ejection fraction before and

Boishideng® WJSC | https://www.wjgnet.com

1040

December 26,2024 | Volume 16 |

Issue12 |



He JG et al. Exosomal miRNA-540-3p promote immune tolerance

after heterotopic heart transplantation; C: Detection and calculation of differences in the percentage of fractional shortening before and after heterotopic heart
transplantation; D-G: Enzyme-linked immunosorbent assay-based quantitative analysis of cytokine production (interleukin-1p, interferon-y, interleukin-10,
transforming growth factor 31) in serum; H: Expression of microRNA-540-3p in extracted dendritic cells (DCs); I: Expression of microRNA-540-3p in extracted T cells;
J-M: Flow cytometric analysis of the positive rate of cell surface markers in DCs (major histocompatibility complex Il, CD80, CD86, and CD274); N-P: Flow cytometric
analysis of the positive rate of T cells (CD4* T, CD8" T, and T regulatory cells); Q-S: Western blot analysis of the expression of CD74 and nuclear factor-kappaB (NF-
kB) in extracted DCs; T-V: Western blot analysis of CD74 and NF-kB expression in the extracted T cells; W: Co-IP was used to detect the binding of CD74 and NF-kB
in extracted DCs; X: Co-IP was used to detect the binding of CD74 and NF-kB in extracted T cells. 2P < 0.05, °P < 0.01, °P < 0.001, %P < 0.0001. BMSC: Bone marrow
mesenchymal stem cell; IDO: Indoleamine 2,3-dioxygenase; DC: Dendritic cell; LPS: Lipopolysaccharide; NF-kB: Nuclear factor-kappaB; MHC: Major
histocompatibility complex; IL: Interleukin; TGF: Transforming growth factor; IFN: Interferon.

The interaction between CD74 and NF-«B p65 was verified through a co-immunoprecipitation experiment following
transfection of CD74 and NF-kB p65 in DCs and T cells. These results demonstrated the co-precipitation of CD74 with
NF-xB p65. In the established model, the precipitate was more pronounced and decreased upon injection of BMSC
exosomes. This reduction was further observed with BMSCmi#340-3p-mimic a3nd BMSC™® exosome injections, while an increase
was noted with BMSCmik-540-3p-inhibiter ex osome injection, compared to the BMSC exosome injection group (Figure 8W and X).
These findings indicate that treatment of heart-transplanted rats with BMSC mik-340-3p-mimic exgsomes enhanced immune
tolerance. Moreover, miR-540-3p was identified as a negative regulator of the CD74-NF-xB axis, leading to the altered
phenotype of DCs and T cells (Figure 9). In summary, these findings indicate that treatment of heart-transplanted rats
with BMSCmik-340-3p-mimic ex osomes enhanced immune tolerance, largely by modulating the CD74-NF-kB axis, which in turn
altered the phenotypes of DCs and T cells to support an immune-tolerant environment.

DISCUSSION

This study investigated the immunosuppressive properties of exosomes derived from miR-540-3p-overexpressing BMSCs
in the context of allograft transplantation. Our findings revealed that miR-540-3p, by inhibiting the CD74/NF-«B axis,
significantly altered the phenotype of DCs and T cells, promoting a shift towards an anti-inflammatory cytokine profile
and enhancing immune tolerance in the transplanted heart.

Inflammation plays a central role in the pathogenesis of numerous acute and chronic diseases. NF-kB, a key tran-
scription factor in the inflammatory response, drives the expression of several pro-inflammatory genes, including
cytokines such as IL-18, TNF-a, IFN-y, and IL-10, which are critical in disease progression. Our results demonstrate that
miR-540-3p, via exosomes, effectively downregulated the expression of CD74 and NF-kB, leading to a suppressed pro-
inflammatory response. This finding not only has implications for organ transplantation but also suggests potential
therapeutic applications of miR-540-3p in other inflammation-related diseases. CD74, a type II transmembrane
glycoprotein, plays a crucial role in the MHC II antigen presentation pathway and immune cell activation[43,44]. Studies
indicate that CD74 induces B cell maturation through the NF-xB p65/RelA homodimer and its coactivator TAFII[51,52].
Furthermore, CD74 serves as the primary receptor for the pro-inflammatory cytokine macrophage migration inhibitory
factor. Binding of migration inhibitory factor to the CD74/CD44 receptor complex activates extracellular signal-regulated
kinase 1/2 in the mitogen-activated protein kinases pathway and phosphoinositide 3-kinase/Akt/SRC signal
transduction cascade, influencing the activity of macrophages, DCs, T cells, and B cells[43,44]. NF-kB, a downstream
signaling molecule of CD74, is known to be activated in macrophages when exposed to inflammatory stimuli such as LPS,
influencing gene expression involved in macrophage-mediated immune responses, including inflammation, cell differen-
tiation, migration, and survival[53]. In atherosclerosis, NF-kB inhibition may reduce inflammatory cell infiltration in the
arterial walls, slowing plaque development[53]. Similarly, in cancer, the miR-540-3p-mediated regulation of the CD74/
NF-kB axis could reduce immune evasion by tumor cells, potentially enhancing the effectiveness of immunotherapies[43,
44].

Exosomes, as key mediators of intercellular communication, play crucial roles in inflammation by delivering miRNAs,
proteins, and other bioactive molecules that modulate the functional state of recipient cells. Exosomes from miR-540-3p-
overexpressing BMSCs not only suppressed pro-inflammatory activity of DCs and T cells in vitro but also reduced inflam-
matory cell infiltration in vivo in the transplanted heart, demonstrating their potent anti-inflammatory and immune
regulatory capacity. It is widely acknowledged that MSC-derived exosomes have immunomodulatory property, involved
in the immune cell proliferation, differentiation, or activation. For instance, Blazquez et al[54] reported that adipose MSC-
derived exosomes inhibit T cell differentiation and activation, reduce T cell proliferation, and suppress IFN-y secretion.
Chen et al[33] demonstrated that healthy BMSCs derived exosomes could inhibit the secretion of the pro-inflammatory
cytokines TNF-o and IL-1p, elevate the level of the anti-inflammatory cytokine TGFp, induce the conversion of type 1
helper T (Thl) into Th2, diminish the differentiation of naive T cells into Th17 cells, and augment the number of Tregs.
Similarly, Ma et al[55] demonstrated that exosomes obtained from MSCs cultured in a defined medium decreased the
concentration of pro-inflammatory cytokines IFN-y and IL-1f, while increasing anti-inflammatory cytokines TGFf1 and
IL-10. Hu et al[56] observed that exosomes from cord blood-derived stem cells downregulated CD4" T and CD8" T cells,
upregulated Tregs, reduced the co-stimulating molecules CD80 and CD86, and increased the immune tolerance-related
marker CD274. Moreover, Xu ef al[30] showed that exosomes derived from LPS-preconditioned BMSCs decreased M1
macrophage polarization, increased M2 macrophage polarization, suppressed the LPS-dependent NF-xB signaling
pathway, and partially activated the AKT1/AKT2 signaling pathway, especially under LPS stimulation.
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Figure 9 Exosomes derived from microRNA-540-3p overexpressing bone marrow mesenchymal stem cells promote immune tolerance to
cardiac allograft via the CD74/nuclear factor-kappaB pathway. BMSC: Bone marrow mesenchymal stem cell; IDO: Indoleamine 2,3-dioxygenase; IL:
Interleukin; TGF: Transforming growth factor; IFN: Interferon; NF-kB: Nuclear factor-kappaB.

To validate these in vitro findings, we extended our investigation to an in vivo rat heterotopic heart transplantation
model. Rats undergoing heterotopic heart transplantation were treated with exosomes derived from different BMSCs,
including miR-540-3p-knock-in and miR-540-3p-knock-out transplanted rats. Our in vivo findings are consistent with
previous studies showing that MSC-derived exosomes reduce inflammation and improve heart function in a rat MI
model, with this effect being superior to that using MSCs alone[55]. Our results also align with findings from Xu et al[30],
demonstrating that exosomes from LPS-preconditioned BMSCs attenuate post-infarction inflammation and reduce
myocardial injury in a mouse model of ML

Our previous study demonstrated that exosomes derived from IDO-overexpressing BMSCs promoted immune
tolerance in a rat heterotopic heart transplantation model[41]. In that study, we identified miR-540-3p as the most
upregulated miRNA in exosomes derived from IDO-overexpressing BMSCs compared with exosomes from other groups.
The present study further indicates that exosomes from miR-540-3p-overexpressing BMSCs exhibit immunomodulatory
effects comparable to those of exosomes from IDO-overexpressing BMSCs, supporting the importance of miR-540-3p in
this immune regulatory pathway. IDO is a potent immunomodulator activated in APCs (e.g., DCs, macrophages, and B
cells), leading to the suppression of T effector cells and induction of Tregs[57]. Given the elevated expression of miR-540-
3p in exosomes derived from IDO-overexpressing BMSCs and the similar immunomodulatory effects exerted by miR-
540-3p alone, we suggest that miR-540-3p participates in IDO-mediated immunosuppression and cardiac allograft
tolerance, possibly through a CD74/NF-«kB-dependent mechanism.

Our findings showed that cytokines including IL-1B, IFN-y, TGFB1, and IL-10 were modulated by miR-540-3p.
Considering our results, the upregulation of IFN-y is related to the increased ratio of CD4* and CD8" T cells[58,59], and
the downregulation of TGFp1 is related with the reduced ratio of Tregs[59,60]. The mechanism underlying the
modulation of IL-1p1 and IL-10 by miR-540-3p remains further investigation, possibly related with a cross-talk between
signal transducer and activator of transcription and NF-kB pathway[61].

CONCLUSION

Our findings revealed that miR-540-3p can modulate the activity of DCs and T cells, diminish the expression of CD74 and
NF-kB, and suppress inflammatory responses by reducing pro-inflammatory cytokines while increasing anti-inflam-
matory cytokines, both in vitro and in vivo. Furthermore, miR-540-3p has been shown to enhance heart function and
protect grafted hearts in a rat model. This study highlights the therapeutic potential of exosomes derived from miR-540-
3p-overexpressing BMSCs and presents a cell-free strategy to foster immune tolerance in cardiac allografts.
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